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Abstract
The Beaufort Gyre region of the Arctic Ocean is strongly stratified at the base of the winter-
time mixed layer, which impedes the vertical transport of heat, energy, and other tracers.
Ice-Tethered Profiler observations during 2004-2018 were used to characterize and investigate
the seasonal and interannual variability of the strength, depth, density, and thickness of this
highly stratified layer at the base of the mixed layer. This includes investigating the remnant
stratification maximum, which formed when the summer mixed layer shoaled. Seasonally,
the stratification maximum was never in a steady state. It was largest in October (4.8 ×
10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2) and decreased during all winter months (to 2.3 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2 in June),
indicating that surface forcing and interior vertical mixing were never in equilibrium during
the year. Interannually, the period from 2011-2018 had a higher stratification maximum
than then the period from 2005-2010 regardless of the season. The remnant stratification
maximum was consistently weaker than the winter stratification maximum from which it
formed. The initial evolution of the remnant stratification maximum is used to estimate
an effective vertical diffusivity of order 10−6𝑚2/𝑠. No significant geographic variability was
found, in part due to high temporal and small scale variability of the stratification maximum
layer. Implications for heat transport through to the sea ice cover are discussed.
Thesis Supervisor: Sylvia Cole
Title: Associate Scientist
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Arctic sea ice plays a large role in the global climate system, and has undergone significant
changes in the past several decades. The Arctic is one of the major reservoirs of ice in the
global climate, and the continued evolution of the ice pack is relevant to several stakeholders.
First, the ice contributes to the albedo of the planet, and significant gain or loss of ice could
lead to changes in the global climate due to changes in the amount of solar energy reflected
from the earth (Curry et al., 1995). Second, the loss of sea ice is hypothesized to have
an oversized impact on the Atlantic meridional overturning circulation, a key source of
transport in the global current system (Sévellec et al., 2017). We can also see the impact on
the biological productivity of the region, and as the sea ice extent decreases and the open
water regions become more extensive seasonally and interannually, it will become more and
more relevant to international shipping (Frey et al., 2020) (Farré et al., 2014). Sea ice extent
has already changed in the past several decades, with the annual mean sea ice index (total
area with sea ice concentration above 15 percent) decreasing over 17 percent, or nearly 2
million square kilometers since 1980, and reaching a recorded minimum in 2012 (Kwok,
2018).
Geographically, the Arctic is divided into several basins, the largest of which are the
Canada basin north of Canada, and the Eurasian basin, north of Russia. There are only
two significant flow paths from the world ocean to the Arctic: through the Bearing Strait
and the Fram Strait, which places the Arctic Ocean in a state of relative isolation. Because
of this isolation, local processes play a large role in shaping how the region behaves. Within
the Canada Basin is the Beaufort Gyre, which is a large anti-cyclonic current system that
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occupies the central part of the basin. The Beaufort Gyre acts as the largest reservoir of
fresh water in the region, since the gyre sees both a large amount of sea ice melt and a large
amount of river runoff. This freshwater is driven into the center of the Canadian Basin by the
Ekman convergence generated by the dominant regional wind patterns, and the subsequent
downwelling creates a lens of freshwater that sits on top of a saltier ocean interior.
In this paper, we examine Ice-Tethered Profiler (ITP) records in the Beaufort Gyre in all
seasons, and specifically those records that cover a transition between the winter and summer
seasons in order to characterize and investigate the thin stratification maximum layer that
resides beneath the mixed layer base. As described in the remainder of this introduction,
this is an important and underobserved region of the ocean that is also difficult to model
numerically.
1.1 Watermasses and significance
In the vertical, three major water masses comprise the Arctic Ocean: a top layer of fresh, cold
water in the upper 10s of meters, Atlantic Water or Pacific and Atlantic water underneath,
which is warmer and saltier than the surface waters, and Arctic Bottom Water in the lowest
depths, which is both cold and salty. Atlantic water and Pacific summer water arise from the
relatively salty waters in the upper latitudes of the Atlantic and Pacific subducting as they
enter the Arctic ocean. Because of their high salinity relative to the surface waters in the
Beaufort Gyre, these salty water masses end up being more dense than the surface water,
despite being warmer. This temperature profile that is not monotonically decreasing with
depth is characteristic of the Beaufort Gyre. The large quantity of surface freshwater sets
up a steep halocline that separates a relatively large amount of heat carried in the Pacific
Summer Water from the mixed layer and ice cover .
Water above the halocline exhibits significant seasonal variability. The most significant
seasonal changes are in the upper fifty meters of the water column with water becoming
warmer, fresher, and lighter as winter changes to summer, and colder, saltier, and denser as
summer changes into winter. These changes are largely driven by ice formation and melt.
In the winter, the brine rejection associated with ice formation creates salty water near the
surface. The brine is much saltier than the seawater around it, and the brine near the surface
sinks causing convective mixing which deepens the mixed layer. This process occurs over
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several months, with the mixed layer deepening between three and five meters per month
during the winter. As the ice melts, it turns into freshwater, which is roughly the same
temperature as the near surface waters, but it significantly less salty (and because of this,
approximately one degree warmer) . Unlike brine, this freshwater is inclined to stay near the
surface, and while some diffusion and mixing does occur, overall, this shifts the mixed layer
shallower. This transition from a characteristic winter profile to a characteristic summer
profile happens abruptly. In contrast to the winter, the shoaling of the mixed layer can
happen on the order of meters per day. This occurs because the freshwater remains on the
surface, significantly altering the surface density, instead of sinking and entraining lighter
water the way the brine does. In both the summer and the winter, the strong stratification
of the mixed layer base plays a large role in isolating the mixed layer and sea ice from the
heat carried in the Pacific Summer Water (Shimada et al., 2006).
1.2 Stratification and significance
Tracers in the ocean (e.g., salt, heat, or nutrients) more easily spread along density surfaces,
as opposed to across them (McDougall, 1984). Vertical variations in density thus play a large
role in shaping the movement of these tracers. Stratification near the surface contributes
significantly to the interactions between the ocean and the atmosphere, and in the case of
the Arctic Ocean, between the ocean and the sea ice. Globally, upper ocean stratification
in particular has been strengthening over the past 60 years, with important implications for
biological productivity and deep water formation (Yamaguchi and Suga, 2019). Climatol-
ogy shows that upper latitudes, including the Arctic Ocean tend to have generally higher
stratification to begin with, due in large part to freshwater fluxes (Li et al., 2020).
The most strongly stratified water resides in the uppermost meters of the halocline just
beneath the seasonally variable mixed layer. This layer of strong stratification is roughly 4-5
meters thick, but plays a very important role in separating the heat in the lower waters from
the surface. It is the barrier between the surface and interior processes, and one feature of
the transition layer that is affected by both the surface and interior processes. Changes in
stratification could impact how easily heat diffuses across the layer, and changes in depth
could impact how easily a synoptic scale weather event (eg a large storm) could disrupt the
stratification, potentially making it much easier for lower depth heat to reach the surface.
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The stratification at the base of the mixed layer can play a large role in the evolution of
the surface ice cover in the Beaufort Gyre. Relatively warm and salty Pacific Summer Water
lies beneath the mixed layer, but the heat there is isolated from the upper waters because
of the stratification at the mixed layer base. This separation of the heat from the surface
plays a large role in regulating the sea ice growth: the separation of the heat prevents ice
from being melted if the heat was entrained in the mixed layer.
Despite the importance of stratification at the base of the mixed layer, it is historically
not a simple feature to quantify. Due to limited ship observations in winter, and subsurface
moorings that do not observe the upper tens of meters of the water column, the ITP record
fills a gap in high resolution measurements of the ice covered regions of the ocean. While it
tends to be studied outside the Arctic (Thomson and Fine, 2003; Brainerd and Gregg, 1993;
Yamaguchi and Suga, 2019; Johnston and Rudnick, 2009; Dohan and Davis, 2011), studies
of the stratification maximum inside the Arctic Ocean are less prevalent.
1.3 Trends and Climatology
The reservoir of freshwater in the Beaufort Gyre, and thus its strong stratification, is main-
tained in part by the circulation of the sea ice and upper ocean. Momentum transfer to the
ocean occurs when there exists a difference in velocity between the wind and sea surface (or
between the sea surface and the ice on top). This resultant stress causes Ekman pumping
and consequently changes in the distribution of freshwater in the Beaufort Gyre. However,
because the ice and ocean move at different speeds, stress calculations based on wind alone
fail to provide the full picture of Ekman transport in the Beaufort Gyre. The physical mo-
tion of the ice generates turbulence, which causes mixing, and consequently, deepening of
the mixed layer. This mixing is dependent on numerous factors, including wind speed, ice
roughness, ice draft, and total ice concentration, and the relative speed between the ice and
the ocean. In fact, numerical and observational studies show that increased ice cover acts as
a governor on the stress in the upper ocean (Dewey et al., 2018) (Meneghello et al., 2018).
This happens when the ocean current exceeds the speed of the surface ice, reversing the sign
of the Ekman transport, and thus limiting the convergence of freshwater and consequently
the depth and strength of the halocline. A strengthened halocline means that there exists
more freshwater near the surface and the ocean heat content is more insulated from the ice
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cover.
Two significant trends emerge in the climatology of the Beaufort Gyre in the past twenty
years or so. The first is that the Beaufort Gyre has undergone relatively significant freshen-
ing, which is dominated by the change in Ekman transport, which is related to the sea ice
conditions as described above (Proshutinsky et al., 2019). The freshening was most signifi-
cant over the 2003-2008 period, after which is stabilized until 2013, after which it increased
through 2016. This freshening happens at the same time we examine the mixed and remnant
layer dynamics.
The second major dynamical change is that of sea ice in the Beaufort Gyre. In the Arctic
as a whole, sea ice coverage has been declining on a decadal time scale. There is annual
variability, with local minima in 2007, 2012, and 2016. In addition to the mixing effects
discussed before, reduced ice cover allows additional solar heating of the ocean. Again, this







We consider temperature and salinity observations from Ice-Tethered Profilers (ITPs) (Toole
et al., 2011). An ITP is moored to the surface of an ice floe and has a profiler that travels
up and down a weighted wire several times a day to sample conductivity, temperature, and
pressure (Toole et al., 2011). Profiles are nominally from 5 meters to 750 meters depth. The
data is then quality controlled, processed, and binned into 1 meter increments (Krishfield
et al., 2008a). For the majority of the records, sampling occurred twice a day, separated by
6 and 18 hour increments. Some records sampled 4, 6, or 8 times a day at uniform intervals.
The entire ITP record began in 2004 and we include data through 2018 in this study.
We consider profiles in the Beaufort Gyre region of the Arctic ocean which we define
as bounded by the latitude line south of 80 degrees North, the longitude lines west of
120 degrees West and the line east of 180 degrees East. This provides 44 ITP records
with 32553 profiles. The number of ITPs in the Beaufort Gyre varies in time (Fig 2-1).
Observation from multiple ITPs simultaneously did not begin until 2006, and there is a
significant period of time in 2016 when no ITP coverage existed. Table (2.1) provides the
temporal and geographic boundaries of each ITP record included in this study.
Figure 2-1: The monthly number of Ice-Tethered Profilers in the Beaufort Gyre Region
between 2004 and 2020
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We additionally consider a subset of ITP records by examining only those ITPs that
begin in March through May (or earlier), and then continue through August (or later). This
results in 19 records, of which 16 were sufficient for analysis. Such records are in bold in
Table (2.1) and span the 2005-2018 time period.
2.2 Ice Concentration
Ice concentration was obtained from the National Snow and Ice Data Center (NSIDC)
AMSR-E/Aqua L3 Daily values. This product provides a gridded daily value of sea ice
concentration in the polar regions. The data is gridded to a polar stereographic projection
with horizontal resolution of 12.5km by 12.5km at 70 degrees N. For each ITP profile the ice
concentration associated with the closest grid value in the NSIDC data set was used. Thus,
over the course of a calendar day, any changes in a particular record’s ice concentration
are due to spatial variations, but day to day changes are due to both temporal and spatial
changes in ice concentration. There is uncertainty in ice concentration measurements, in-
cluding errors for thin ice, and that the gridded ice concentration is matched with the ITP
location for that time.
2.3 Ice Draft
Ice draft is considered from four moorings in the Beaufort Gyre collected as part of the
WHOI Beaufort Gyre Exploration Project (Krishfield et al., 2014). Each of four moorings
includes an upward looking sonar (ULS) to observe the ice draft. The number and locations
of active moorings varied from year to year (Figure 2-2). Each ULS sends a pulse upwards
approximately once every three seconds to determine the depth of the ice above it. Here,
we consider the median of ice draft values in each calendar day and consider seasonal and
interannual variations to be representative of the gyre’s ice draft. This provides a time series
of daily median ice drafts from August of 2003 through September of 2018 that characterizes
the seasonality and interannual variability of ice thickness (Figure 2-3).
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ITP Start Date End Date Total Profiles Daily Profiles Min Lat Max Lat Min Lon Max Lon
1 08/16/05 01/08/07 2043 4 74.32∘ 79.2∘9 -150.13∘ -130.35∘
2 08/20/04 09/29/04 244 6 76.57∘ 77.17∘ -141.38∘ -134.12∘
4 09/03/06 08/17/07 698 2 78.12∘ 79.5∘ -153.06∘ -139.24∘
5 09/08/06 09/07/07 1095 3 75.52∘ 76.69∘ -148.89∘ -137.92∘
13 08/14/07 09/08/08 876 2 72.91∘ 79.98∘ -150.23∘ -130.15∘
18 08/17/07 10/09/08 914 2 73.98∘ 79.15∘ -146.1∘ -131.71∘
21 08/04/08 09/23/09 832 2 72.55∘ 79.99∘ -150.01∘ -134.51∘
32 10/04/09 02/09/10 257 2 79.55∘ 80∘ -151.52∘ -138.65∘
33 10/07/09 01/25/11 952 2 74.61∘ 78.12∘ -159.89∘ -138.37∘
34 10/11/09 03/30/10 342 2 73.22∘ 74.78∘ -161.07∘ -134.13∘
35 10/09/09 03/31/10 1357 8 74.57∘ 77.36∘ -143.86∘ -134.77
39 07/23/10 12/28/10 317 2 42.94∘ 42.95∘ -122.09∘ -122.08∘
41 10/03/10 10/11/12 1480 2 73.84∘ 79.19∘ -154.24∘ -131.95∘
42 10/05/10 04/15/11 386 2 75.96∘ 77.66∘ -151.36∘ -143.52∘
43 10/08/10 02/11/11 253 2 74.39∘ 76.73∘ -145.51∘ -135.16∘
52 08/06/11 11/23/11 378 4 77.8∘ 79.39∘ -141.31∘ -132.24∘
53 08/05/11 08/13/12 750 2 73.57∘ 77.66∘ -159.71∘ -137.51∘
54 08/07/11 07/23/12 1055 2 72.65∘ 77.29∘ -168.13∘ -136.86∘
55 08/08/11 05/08/12 547 2 71.49∘ 76.1∘ -176.44∘ -136.93∘
62 09/05/12 08/12/13 686 4 72.25∘ 77.65∘ -159.05∘ -134.67∘
64 08/29/12 08/24/13 1123 4 72.83∘ 79.33∘ -160.26∘ -134.66∘
65 08/28/12 06/29/13 903 4 74.58∘ 79.99∘ -149.86∘ -137.17∘
66 08/28/12 06/29/13 903 4 74.58∘ 79.99∘ -149.86∘ -137.17∘
68 08/28/13 05/03/14 682 4 74.68∘ 76.76∘ -163.09∘ -139.63∘
69 08/29/13 03/12/14 477 4 74.62∘ 75.68∘ -167.72∘ -140.16∘
70 08/25/13 07/15/14 2585 8 74.37∘ 77.24∘ -156.51∘ -138.6∘
77 03/10/14 10/02/14 1659 8 73.3∘ 76.01∘ -158.96∘ -134.99∘
78 03/11/14 08/06/14 1180 8 73.77∘ 74.7∘ -146.95∘ -135.13∘
79 03/21/14 09/29/14 1195 8 74.06∘ 75.53∘ -147.87∘ -134.88∘
81 08/17/14 07/18/15 671 2 77.54∘ 79.99∘ -159∘ -133.72∘
84 10/13/14 01/06/15 172∘ 4 74.88∘ 75.98∘ -150.33∘ -139.86∘
85 10/08/14 09/02/15 660 4 74.52∘ 79.15∘ -154.6∘ -136.48∘
86 08/16/14 08/26/15 754 4 75.28∘ 77.66∘ -155.68∘ -140.24∘
87 08/29/14 07/18/15 647 2 75.5∘ 80∘ -154.43∘ -132.69 ∘
88 09/30/15 10/15/15 31 2 77.58∘ 78.72∘ -142.01∘ -138.47∘
97 10/03/16 10/05/17 736 4 72.38∘ 79.14 -150.89 -133.53
99 10/02/16 01/21/17 224 2 74.19∘ 77.88∘ -144.98∘ -132.82∘
100 09/19/17 12/15/17 176∘ 2 78.09∘ 79.97∘ -152.09∘ -142.98∘
101 09/17/17 03/26/18 382 2 76.97∘ 79.98∘ -137.22∘ -126.52∘
107 09/19/18 09/23/19 740 4 72.99∘ 79.7∘8 -157.63∘ -133.83∘
108 09/18/17 09/08/18 1003 4 70.07∘ 79.97∘ -145.61∘ -122.41∘
109 09/22/18 12/15/18 169 2 74.75∘ 77.52∘ -144.41∘ -136.71∘
Table 2.1: Statistics for each of the ITP records in the Beaufort Gyre Region
23
Figure 2-2: Locations of moorings that observed ice draft from the WHOI Beaufort Gyre
Exploration Project. Blue: Mooring A (2004-2018) Red: Mooring B (2004-2018) Yellow:
Mooring C(2004-2008) Purple: Mooring D(2006-2018)
Figure 2-3: Median daily ice draft from the WHOI Beaufort Gyre Exploration Project.




We use wind speed from the European Center for Medium Range Weather Forecasts (ECMWF)
hourly reanalysis product. This provided 10m meridianal and longitudinal wind speeds at
quarter degree resolution. The directional wind speeds were converted into a wind magni-
tude, and in a manner similar to that of the ice concentration, the closest grid point (in
both time and space) to a given ITP profile was examined.
Figure 2-4: The geographic locations of all ITP profiles in the Beaufort Gyre considered
in this study. Left panel shows 2005-2010. Right panel shows 2011-2018. Colors indicate
profiles collected during Dec - May (blue) and Jun - Nov (red). Bottom depth contours are





3.1 Temperature, Salinity, and Stratification
The processed ITP data includes the location and time of each profile, as well as the temper-
ature, salinity, and pressure in 1 m depth bins. (Toole et al., 2011; Krishfield et al., 2008b)
The Gibbs Seawater Toolbox was used to determine ice speed, absolute salinity, conservative







where g is the gravitational acceleration, 𝜌 is the density and 𝑑𝑧 is the 1m vertical difference.
3.2 Mixed layer and stratification maximum layer
Mixed layer depth was determined for each profile and defined using a density threshold of
0.25 𝑘𝑔/𝑚3 from the shallowest observation, provided this observation was shallower than
20 meters depth. If such a shallow density did not exist, the mixed layer depth was not
defined, and the profile was not considered. This could have occurred because a profiler did
not travel the full length up the wire (eg due to strong ice speeds or large wire angles), or
the profile was excessively short and the profiler did not travel far enough down the wire.
The maximum stratification, 𝑁2𝑚𝑎𝑥, is the maximum value of stratification in each profile.
The depth where this stratification occurs is the depth of stratification maximum 𝑧𝑁2𝑚𝑎𝑥 and
generally was at most a few meters deeper than the mixed layer base. The thickness of the
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stratification maximum layer is taken to be its full-width at half-max (FWHM). The FWHM
is defined as the distance between the depths above and below the stratification maxima
where the stratification is half of the maximum value (e.g., Figure 3-1). Specifically, and to
avoid interpolating in the vertical, the distance above and below the maximum is defined
by the nearest depth where stratification is less than half the peak value.
3.3 Remnant mixed layer and remnant stratification maxi-
mum layer
To define the depth of the remnant stratification maximum, which approximates the depth
of the remnant mixed layer, the following steps are taken (Figure 3-2):
1. A subsection of each profile was identified that was between 30 and 70 m depth and
at least 10 m deeper than the mixed layer depth. These ranges were chosen to avoid
identifying stratification maxima from the summer mixed layer, or other abnormalities,
such as the tops of eddies.
2. The remnant layer stratification maximum, 𝑁2𝑅𝐿, was then defined as the maximum
stratification value over this subsection of the profile. The remnant layer depth, 𝑧𝑅𝐿,
is the depth at which this maximum value occurs.
We use the term remnant mixed layer (after (Brainerd and Gregg, 1993)) to refer to the
portion of the water column between the summer mixed layer base and the depth of the
𝑁2𝑚𝑎𝑥. This definition was applied to all profiles, and could produce a remnant layer during
any season. This occurred both when it was seasonally acceptable, but also at other times,
such as when the ITP transited through a large eddy with subsurface stratification peaks.
To analyze only relevant data, all remnant layer depths and remnant layer stratification
values from before a defined transition time, 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 were ignored. This transition time
is representative of when the formation of the summer mixed layer occurs (see section 3.6).
There are 32553 total profiles, of which 26518 exhibit a mixed layer, and 4150 exhibit a
remnant layer. In cases where a remnant mixed layer and a mixed layer both exist, the
stratification may never decay to half of its maximum value. In this case, the FWHM was
defined by the distance between the stratification maximum and the minimum value between
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the two local maxima. This occurred in less than 1 percent of profiles. Table 3-1 summarizes
the notation used for the mixed layer and remnant mixed layer.
Figure 3-1: An idealized stratification profile (black line). Mixed layer depth is given by
the red line. The FWHM (blue line), maximum stratification value (magenta star), and
remnant layer depth (green star) are indicated.
3.4 Heat Content
Ocean heat content is considered, including within the stratification maximum layer and the





𝜌0𝑐𝑝(𝑇 (𝑧) − 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔)𝑑𝑧 (3.1)
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Name Units Description
𝑧𝑀𝐿 meters Mixed Layer Depth
𝑧𝑅𝐿 meters Remnant Layer Depth
𝑧𝑁2𝑚𝑎𝑥 meters Maximum Stratification Depth
𝑁2𝑚𝑎𝑥 rad-sec−1 Maximum Stratification Value per profile
𝑁2𝑅𝐿 rad-sec
−1 Stratification value at the Remnant Layer
𝑁2𝑀𝐿 rad-sec
−1 Stratification value at the Mixed Layer
𝑂𝐻𝐶 Watts-meter−1 Oceanic Heat Content per meter of depth
𝐹𝑊𝐻𝑀 meters Full Width at Half Maximum
𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 date Transition time between winter and summer
Table 3.1: List of Variables Used
Here, 𝑧0 and 𝑧1 are the bounds of the region being considered, 𝜌0 is a nominal density
(1020 𝑘𝑔/𝑚3), 𝑐𝑝 is the specific heat capacity, 𝑇 (𝑧) is the conservative temperature at a
given depth, and 𝑇𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 is the freezing temperature given for water at equal pressure and
salinity to the water who’s temperature is being considered. Heat content is estimated for the
mixed layer (surface to the mixed layer depth) and for the remnant layer (mixed layer depth
to the remnant layer upper FWHM depth), as well as for maximum stratification layer
(within its FWHM) and the PSW layer, which we take to be the 1025 𝑘𝑔/𝑚3 isopycnal
(Timmermans et al., 2014).
3.5 Monthly Composite Statistics
We additionally considered ITP observations in a monthly sense. In a given calendar month,
the median value of all profiles from all ITPs was considered. In the aggregation, a profile
was weighted by sampling frequency such that a record that sampled at a rate that was half
as fast as another record would be weighted twice. This ensured that the dominant value
did not arise solely due to the number of profiles a record had on a monthly basis and each
record was equally weighted.
3.6 Winter to Summer Transition
The significant shoaling of the mixed layer that occurred at the beginning of summer is
used to define a transition time (𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛), or the date at which the mixed layer shoaled.
While not in exact alignment with meteorological summer, we use the term winter-summer
transition to refer to the shoaling of the mixed layer as it separates winter conditions with a
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deeper mixed layer from summer conditions with a shallow mixed layer and remnant mixed
layer. The transition time was defined as the first day that meets the following three criteria:
• The mixed layer was 10 meters shallower than the average mixed layer depth in the
March through May time period
• The mixed layer remained shallower than that average depth for 7 consecutive days.
• The transition time was after May 31st.
For all profiles that had a well defined winter mixed layer and a well defined remnant layer,
this method matched with visual determinations of the transition time (e.g., Figure 3-2).
Of the available ITP data sets, 44 ITP records had data in the Beaufort Gyre, 28 cover the
proper time period to determine a transition time, of which 12 show a transition occurring
in sufficently high resolution to accurately determine a transition date and perform follow
on analysis of the remnant stratification layer.
Figure 3-2: Timeseries of Log stratification profiles for ITP 85. Top Right: With mixed layer
(red) and initial remnant layer (green) added. Bottom Left: With transition date (magenta






The stratification maximum layer exhibited large seasonal variability which includes the
development and erosion of the remnant mixed and stratification layers. Here, we examine
the variability across seasons, contrasting wintertime and summertime conditions.
An example record, ITP-64, shows conditions typical of the Beaufort Gyre and its sea-
sonal cycle. (Figure 4-1). During most months, the stratification maximum layer is clearly
distinguishable from the halocline or remnant stratification maximum layer below by strong
gradients in temperature, salinity, density, and stratification. The stratification maximum
layer is less distinguishable during the formation of the summer stratification maximum layer
and remnant stratification maximum layer in July. In the upper 50m, the seasonal cycle
consists of warmer, fresher, and less dense waters in summer, and colder, saltier, denser
waters in the winter. At 10 meters depth for ITP 64, salinity varied between 26 and 30
psu, and reached its maximum in February and minimum value in August. Temperature
near the surface remained consistently between -1.5 and -1 , regardless of the time of year.
This is characteristic of ice-covered waters where the stratification maximum layer is very
near the (salinity dependent) freezing temperature. As density is most heavily dependent
on salinity at these temperatures, seasonal variations in density in the upper portion of the
water column were nearly identical to those of salinity. The stratification time series (Fig
4-1) shows that early in the year, the upper portion of the water column was well mixed,
with a summer stratification maximum that formed in July and gradually mixed deeper
throughout the fall. This stratification maximum in ITP 64 resided slightly deeper than the
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stratification maximum layer base, which was characteristic of all ITPs. Overall, the strat-
ification maximum seasonally ranged from 15m to 50m in depth, and from 2-3 𝑟𝑎𝑑2/𝑠𝑒𝑐2
to 4-5 𝑟𝑎𝑑2/𝑠𝑒𝑐2 in magnitude. The depth of the stratification maximum increased from
summer through to the following spring.
The development of the remnant stratification maximum layer occured when the summer
stratification maximum layer formed, alongside a remnant stratification maximum layer at
approximately the depth of the previous winter’s stratification maximum layer. The remnant
stratification maximum layer remained visible from August to November at the approximate
depth and density of the winter stratification maximum layer from which it formed. We refer
to this region as the remnant stratification layer (analogous to the remnant stratification
maximum layer residing at similar depths and densities to the winter stratification maximum
layer from which it formed).
Figure 4-1: Timeseries of conservative temperature (top), absolute salinity (middle), and log
stratification (bottom) for ITP 64, covering 2012-2013. Dashed white line indicates depth
of the 1025𝑘𝑔/𝑚3 isopycnal. Right plot describes the location of the ITP.
4.1.1 Wintertime Conditions: December through May
We first consider the stratification maximum layer during December through May, when the
stratification maximum layer is seasonally deep. During these months, ice concentration was
typically near one hundred percent, the remnant layer from the previous year had largely
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Figure 4-2: Scatter plot of stratification maximum versus FWHM for all ITP profiles in
the Beaufort Gyre. Season is delineated with winter (dark blue) and summer (light blue).
Remnant layer stratification and FWHM are shown in yellow. Right side panel provides
a PDF of log stratification for the stratification maxima (blue) and remnant layer (red).
Bottom panel shows a PDF of FWHM for the stratification maxima (blue) and remnant
layer (red).
eroded, and the new remnant layer had not yet begun to form. Understanding how the
stratification profile changed over the winter is crucial to understanding how the remnant
layer is initialized, since the stratification profile in the late winter ”sets” the initial state of
the remnant layer.
Considering all profiles collected during Dec-May (Figure 4-3) the wintertime strati-
fication maximum exhibited considerable variability. The maximum value ranged between
10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2 and 10−2𝑟𝑎𝑑2/𝑠𝑒𝑐2, with depths between 20 and 50 𝑚, and densities between
21 and 25 𝑘𝑔/𝑚3.
The magnitude of the wintertime stratification maximum was normally distributed in
log space, with a mean value of approximately 2.8 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2 , and a standard devia-
tion of 8.1 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2. The density of the stratification maximum was also normally
distributed, with a median value at 1022.77 𝑘𝑔/𝑚3. The depth of the winter stratification
maximum had a wide normal distribution, showing significantly more variability than its
density (Figure 4-3).
For all ITP records, the maximum stratification generally diminished during the period
from December through May. To examine changes in stratification, we consider statistics
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Figure 4-3: Histograms of density (top), stratification (upper middle), depth (lower middle),
and FWHM (bottom) of the summer stratification maxima (yellow), winter stratification
maximum (red) and remnant layer (blue).
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during DJF and MAM for each ITP record. Each profile is adjusted in depth so that the
stratification maxima align in depth and then profiles are averaged over DJF or MAM to
produce composite stratification profiles for that month.
From DJF to MAM, the peak stratification remained relatively constant or diminished
slightly over the course of the winter. Seven (33%) ITP records showed MAM maximum
stratification remaining within 10% of the DJF value, and the remaining 14 ITP records
(67%) showed that MAM maximum stratification decreased between 10 and 50 percent,
measured relative to the DJF stratification value. Composite DJF and MAM profiles show
an asymmetric stratification profile, with the stratification increasing rapidly from above to
the maximum value, and then decaying away at a slower rate. Seasonality is shown in this
decay as well: on average, the DJF profiles decayed to half of the maximum value in 1.70
meters above the stratification peak and in 2.94 meters below the stratification peak. This
is a tighter range than the MAM months, which on average, decay to half the maximum in
2.01 meters above the stratification peak and 3.38 meters below it. Not only did the FWHM
increase from DJF to MAM, but the difference between the HWHM above the stratification
peak and the HWHM below the stratification peak also increased. Beneath the stratification
peak, the MAM composite profiles exhibited similar variability between systems, with the
stratification profiles existing in a similar range of depths and stratification values. Once
beneath approximately 50 meters however, the range of stratification values was smaller
(mean value of 0.8 𝑟𝑎𝑑2/𝑠𝑒𝑐2 vs a mean value of 0.5 𝑟𝑎𝑑2/𝑠𝑒𝑐2). The depth of the maximum
stratification also increased by between 2 and 20 meters from DJF to MAM, depending on the
ITP record (three records showed a decrease in depth). A deeper and weaker stratification
peak during MAM is consistent with ice growth that increases stratification maximum layer
density and depth. The larger FWHM during MAM may be caused by reduced ice formation
and so reduced surface forcing that acts to compress these density surfaces. The weaker
stratification during MAM suggests that halocline waters are energetically easiest to entrain
during these months. The overall weakening of the stratification maximum from Dec through
May shows that surface forcing is stronger than any other dynamic process such as vertical
mixing that could shoal and weaken the stratification maximum. This dominant surface
forcing results in significant changes in the stratification value, and more modest changes in
its depth, that are consistent across ITP records. The median value of stratification in June
is 3.26 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2,which is approximately 20 percent smaller than the median value
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DJF MAM 1Jun-15Jul 16Jul-31Aug* SON
N2 Max (×10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2) 4.07 3.35 3.26 2.77 4.43
FWHM (meters) 4.61 5.42 5.71 6.19 4.52
∆𝜌 (10 m to 𝑧𝑁2𝑚𝑎𝑥) 0.254 0.322 0.578 0.717 0.224
∆𝜌 (across FWHM) 0.874 0.909 0.989 0.900 0.961
Table 4.1: Descriptive statistics for stratification profiles split by period of time, median
values. *values are for the remnant stratification maximum layer
in December, 4.07 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2.
4.1.2 June through November
Considering all profiles collected during June through November, the summertime stratifi-
cation maximum had a median value of 3.5 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2, larger than the median value
during Dec-May of 3.1 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2 (Figure 4-3). 80% of the June through November
stratification values were between 1.2 and 7.0 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2. The depth of the strati-
fication maximum had a median value of 30 meters, with the middle 80 percent of values
between 17 and 50 meters.
Conditions in June and early July prior to the formation of the summer stratification
maximum layer were similar to those observed during MAM. The maximum stratification
value in June and the first half of July was less than that in MAM by 1.3 × 105𝑟𝑎𝑑2/𝑠𝑒𝑐2,
and differing in depth by 3.1 meters (Table 4-1).
The summer stratification maximum layer shoaled abruptly during July (Figure 4-1).
The summer stratification maximum layer and the stratification maximum associated with
it were highly variable during Aug-Sept in depth and strength. In the time period just
before the transition, the upper fifty meters of the water column became increasingly more
stratified. Over a several week period, the depth of the stratification maximum shifted from
roughly 50 meters to roughly 20 meters.
When the remnant stratification layer formed, its stratification diminished by a rela-
tively significant amount, after which period it remained constant for the following months
(eg Figure 4-1). After the initial decrease in magnitude, the stratification maxima of the
remnant layer was approximately constant indicating that processes causing it to diffuse and
to strengthen were in balance even though it was no longer directly influenced by surface
forcing. The depth of the remnant layer continued to increase, roughly at the same rate as it
did prior to the transition (2.3 meters/month). The remnant layer stratification in July was
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Figure 4-4: Stratification profiles from ITP records that exist in the winter months. Profiles
are the average of profiles normalized to the depth of the maximum stratification (top).
Profiles are sorted from lowest to highest peak stratification and offset by 3×10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2
. Solid lines indicate DJF stratification. Dashed lines indicate MAM stratification. Val-
ues given are the mean change in depth from DJF to MAM and the percent change in
maximum stratification from DJF to MAM. (bottom) All DJF and MAM as in the top
panel but overplotted at the depth of the peak stratification. MAM profiles are offset by
5 × 10−3𝑟𝑎𝑑2/𝑠2
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roughly two thirds of the value of the maximum stratification, at 2.1×10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2. Com-
pared with the stratification maximum in June, the average remnant stratification maximum
in July was anywhere from 1.2 to 2.2 times smaller. This variability in the extent to which
the stratification layer was altered when the summer stratification maximum layer and the
remnant stratification maximum layer formed, presumably results from how the transition
actually occurred. The speed with which it occured or the degree to which the summer
stratification maximum layer density decreased could potentially explain the variability in
the remnant stratification layer.
Figure 4-5: Time averaged stratification profiles in June (solid lines) and July (dashed lines,
offset by 3 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2
4.2 Transition between winter and summer
4.2.1 Formation of the remnant stratification layer
Differences between the winter stratification maximum layer and the remnant stratification
maximum layer provide insights into the dominant dynamics governing the stratification
40
maximum layer. Several characteristics of the remnant stratification maximum layer clearly
distinguish it from the winter stratification maximum layer, from which it originates. In the
aggregate, the remnant stratification maximum layer is 10 meters deeper, is half as stratified,
and 1.3 𝑘𝑔/𝑚3 denser than the winter maximum stratification (Figure 4-3).
PDFs for density, depth, and stratification are approximately normally distributed with
the winter and remnant stratification layers different from each other at the 99 percent confi-
dence level (Figure 4-3). The changes in density between the winter maximum stratification
layer and the remnant stratification maximum layer show that the remnant layer under-
goes a significant migration in density space while it deepens. The median June maximum
stratification occurs at 1022.8 𝑘𝑔/𝑚3, while the median density for the remnant stratifica-
tion layer occurs at 1023.9 𝑘𝑔/𝑚3. When we compare the immediately pre-transition time
period (June) to the time period where the remnant layer is distinctly established (July),
we continue to see several distinct differences (above the 99 percent confidence level). In
the median sense, the remnant layer in July is 8 meters deeper, 1.12 𝑘𝑔/𝑚3 denser, and
1.49𝑟𝑎𝑑2/𝑠𝑒𝑐2 (50 percent) less stratified when compared to the stratification maximum in
June (Figure 4-6).
Figure 4-6: Histograms of density (top), stratification (middle), and depth (bottom) of June
stratification maximum properties (blue) and August remnant layer (red).
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The change in properties between the winter and remnant stratification layers takes
place over the course of approximately 2-4 weeks (figure 4-9). This characteristic time
scale associated with the transition was determined by constructing a composite view of the
stratification before and after the transition time. By combining multiple ITP records into
a single composite, variability due to smaller scale processes (Section 4.3) is reduced and a
broad scale picture of the process is obtained. Composite profiles, constructed by averaging
26 ITP records together, after adjusting to the time of the transition (Figure 3) showed a
period of time greater than 10 days before the transition time with approximately constant
stratification of around 3-4×10−3 𝑟𝑎𝑑2/𝑠𝑒𝑐2, and a period of time after the transition time
with stratification of around 2×10−3 𝑟𝑎𝑑2/𝑠𝑒𝑐2. This was coincidental with the FWHM
increasing from around 3 meters to closer to 6 meters. In this composite view, the strat-
ification maximum began decreasing about 5-10 days before the transition occurs, which
was consistent with the period of time where the stratification maximum layer was shoaling.
It had fully diminished by t=0, the day when we first identified a summer stratification
maximum layer (Section 3.6). The stratification roughly halved during the 5-10 days just
prior to the transition time, and the FWHM increased by a factor of 1.5-2 (fig 4-9) in a
10-20 day period about the transition time. Both before and after this time period, both
the stratification and FWHM remained roughly constant, indicating that the dynamical
processes were in approximate equilibrium outside of the 10-20 day period surrounding the
transition time.
With this time scale, we also estimated an effective vertical diffusivity, 𝜅𝑣 that describes
how the stratification profile changed in time using a simple one dimensional model. The as-
sumption is that prior to the transition, surface forcing that acts to sharpen the stratification
approximately balances background vertical mixing that acts to weaken it. In an idealized
setting, the summer stratification maximum layer forms and isolates the winter stratifica-
tion maximum layer from surface forcing, leaving only the background vertical mixing to
weaken the stratification in this layer. As there is a timescale of 2-4 weeks associated with
the transition to a new equilibrium state, this implies that 1) vertical mixing diminishes
after two weeks and was too small to diminish the remnant stratification maximum layer
further, or 2) there was some presumably smaller forcing that balances whatever vertical
mixing remains after this adjustment period.
We estimate diffusivity, 𝜅𝑣 for each ITP record that demonstrates a transition and has
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ITP Number Transition Date Diffusivity ITP Number Transition Date Diffusivity
4 6/29 0.388 × 10−6 77 6/21 1.32 × 10−6
5 6/18 3.80 × 10−6 78 6/22 0.207 × 10−6
33 6/19 0.808 × 10−6 79 6/28 0.134 × 10−6
41 6/27 2.38 × 10−6 81 6/16 0.858 × 10−6
53 6/13 0.964 × 10−6 85 6/20 1.02 × 10−6
62 6/6 2.45 × 10−6 86 6/2 1.17 × 10−6
64 6/12 0.313 × 10−6 87 6/18 0.993 × 10−6
65 6/8 1.70 × 10−6 97 6/25 1.34 × 10−6
70 6/20 0.200 × 10−6 108 6/2 0.890 × 10−6
Table 4.2: Transition date and effective diffusivity (𝑚2/𝑠𝑒𝑐) values for ITP records with
observations of a winter to summer transition
sufficient data to generate a composite profile before and after the transition. Pre-transition
and post-transition profiles are defined as an average profile (depth-normalized to the depth
of maximum stratification) of the four weeks ending one week before the transition (pre-
transition profile) and of the four weeks starting one week after the transition (post-transition
profile). Each pre-transition profile is numerically diffused over a range of diffusivity values










An effective diffusivity value is chosen to represent the transition period if the diffused
pre-transition profile corresponding to the diffusivity value most closely matches the post-
transition profile, as defined by the sum of the magnitude of difference between stratification
profiles in the 9 meters centered on the stratification peak. The effective diffusivities (Table
4.2) ranged from 0.1 to 3.6 ×10−6𝑚2/𝑠.
The effective diffusivity is very weakly negatively correlated with density in the pre-
transition period (𝑅2 = 0.2) and not at all correlated with depth in the pre-transition period.
It is, however, well correlated with the pre-transition stratification maximum (𝑅2 = 0.51),
and the correlation is significant (P=0.02). This is likely because a stronger stratification
has more ability to decay, and resulted in a larger effective diffusivity.
The dominance of vertical mixing during the transition period can also explain why the
remnant stratification layer deepens. This could come about because mixing occurs that
erodes the remnant layer stratification in a non-uniform way, ie, diffusion is elevated above
and at the stratification maximum compared to below it, causing the stratification maximum
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Figure 4-7: Scatter plots of effective diffusivity versus the pre-transition log stratification
(left), depth of the stratification maxima (middle) and density of the stratification maxima
(right) compared to the log effective diffusivity .
Figure 4-8: Top: Stratification profiles before transition (solid blue), after transition (solid
red) and numerically diffused (dashed blue). Bottom: Log stratification profiles for selected
ITP records with pre- and post-transition profile averages indicated (red) and (green).
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to deepen. Alternatively, if the stratification profile is non-uniform to begin with, with a
more gradual decrease in stratification below the stratification maximum, uniform diffusion
would cause the depth of the maximum stratification to shift deeper as well. This non-
uniform stratification profile is indeed observed (Figure 4-9), but modeled post-transition
profiles do not exhibit a significant change in depth. As the remnant layer forms, the
isopycnals associated with the stratification peak at the remnant layer spread out (Figure
4-8). This is consistent with the diminishing stratification observed during the transition.
Some of the differences between ITP records may be related to differences in the sea
ice cover or the stratification maximum layer. Treating each record as a single datapoint,
we consider relationships between the maximum stratification and characteristics of the
stratification maximum layer and sea ice before and after transition times. Specifically, we
examine salinity near the surface (approximately 6 meter depth), ice concentration, and ice
speed (Figure 4-7). Most of these factors are only weakly correlated with the change in
stratification and the time period over which the transition occurs. It is not possible to
disentangle a single cause that clearly explains differences between ITP systems.
Figure 4-9: statistics constructed by averaging applicable ITP records normalized to the time
of transition (summer stratification maximum layer formation) and depth of the stratification
maximum or stratification maximum layer. Log Stratification with colors (dark to light
)indicating time going from 50 days before the transition to 50 days after the transition.
Composite statistics of (bottom left) the maximum stratification and (bottom right) the
FWHM prior to and during the transition.
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Figure 4-10: Correlations between stratification before (red dots) and after (blue dots) the
transition and salinity prior to transition (top left), change in salinity across the transition
(top right), ice concentration before the transition (middle left), change in ice concentration
(middle right), mean ice speed prior to transition (bottom left) and change in mean ice
speed (bottom right), as well as associated trend lines.
4.2.2 Oceanic Heat Content During the Transition
If, when, and to what extent upper ocean heat content is stored within or is vertically
fluxed through the stratification maximum has significant implications for the ice cover.
ITP records that exhibited a transition were considered, and heat content was considered
both before and after the transition time. In the pre-transition time, heat content was
considered in two parts: surface to the base of the stratification maximum layer, and the
stratification maximum layer base to the 1025 isopycnal, which is roughly the location of
the Pacific Summer Water. This isopycnal occurs around 100 meters depth, and is stable
year round. In the post-transition time, heat content was considered from the surface to the
base of the stratification maximum layer, the base of the stratification maximum layer to
the top of the remnant layer (defined as the upper portion of the FWHM for the remnant
layer), the remnant layer (upper FWHM to lower FWHM) and from the bottom of the
remant layer to the Pacific Summer Water (again defined as the 1025 𝑘𝑔/𝑚3 isopycnal).
These regions were chosen because they represent oceanic heat content of varying levels of
accessibility. For each ITP record, the total heat content of the upper portion of the water
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column (surface to the 1025 𝑘𝑔/𝑚3 isopycnal is relatively constant throughout the time
period being considered (namely, two months about the transition time), with perhaps some
slight seasonal trends and small scale variability. The variability between the ITP records in
terms of total heat content is explained by the varying depth of the 1025 isopycnal and the
varying temperature within the PSW layer. Seasonally, there is some potential for heat to
transfer into the remnant stratification maximum layer from below, but for the most part,
there were no significant changes in heat content at the transition time:o the remnant heat
content builds up over longer timescales after the transition time. However, heat content was
observed within both the upper and lower portion of the remnant stratification maximum.
Figure 4-11: Heat content for ITPs about the winter - summer transition. Black bar indicates
3 × 108𝐽/𝑚2. The heat content is shown for the mixed layer base (red), mixed layer base
to PSW isopycnal (blue), mixed layer base to remnant layer upper FWHM (yellow), within
the remnant layer (purple), and the lower remnant layer FWHM to PSW isopycnal.
We can examine this in slightly more detail by considering how isopycnals behave with
respect to the heat content during the transition (Figure 4-12). Isopycnal spreading, with
the associated heat content, shows a mechanism for how heat from the lower portion of the
ocean enters into the remnant layer. As isopycnals spread, they bring with them some of the
heat in the lower layers. The end result is that a non trivial amount of heat is now captured
on top of the remnant layer stratification peak, and from there, can be more easily diffused
into the relatively weakly stratified region that is the remnant layer.
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Figure 4-12: Temperature above freezing displayed as a function of depth and days away
from the transition for ITPs 41 (top) 64 (middle) and 78 (bottom). Isopycnals are shown in
pink. Stratification maximum and remnant layer base are shown in dashed white.
4.3 Interannual Variability
The broad seasonal changes are similar in pattern across the ITP records examined, though
there are variations the physical quantities (like stratification, density, or temperature) take
and the timings at which these seasonal changes occur. The profile to profile differences in
stratification are non-trivial. Here, we examine interannual variability by considering two
year groups, 2005-2010 and 2011-2018.
In both year groups identified, as well as the mean over all years, the stratification
maximum occurs in the Sep-Nov time span, and the stratification minimum occurs in the
Jun-Aug time span.
Interannual changes were observed in the maximum stratification value for all months.
The stratification maximum values were larger during 2011-2018 compared with 2005-2010
by as much as 30 %. However, significant overlap did exist in the two year groups.
The seasonal cycle did not exhibit interannual changes. In both year groups, the strat-
ification maximum occurred in the Sept-Nov time span, and the stratification minimum
occured in the Jan-August time span.
While this large scale interannual trend exists, we note that large scale variability exists
within these periods. Even in similar time periods, there is large variability in each month
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Figure 4-13: Median, 20th, and 80th percentiles of the maximum value of stratification in
each month for two time periods: 2005-2010 (blue) and 2011-2018 (red) and overall (black).
examined (figure 4-13) due in part to the small scale variability that exists for different ITPs.
It is important to note that each monthly statistic shown in encompasses a significant range
of values. The aggregate statistic is not the most representative of the each individual record,
since routinely the median of an individual record is outside the aggregate statistic 20th or
80th percentiles (fig (4-16)). However, the inter-annual differences are well represented in
these individual statistics.
The remnant layer stratification maxima exhibits interannual variability as well, in terms
of magnitude. Like with the stratification maxima, the remnant layer shows slightly higher
stratification values, possibly as a result of the remnant layer being formed from a layer of
higher stratification. There also appears to be a change in the seasonal cycle, but this is
likely caused from a scarcity of data from the remnant layer in the late winter, and thus, no
strong results can be drawn.
Likewise, the behavior of the FWHM for the stratification maxima and the remnant
layer are similar over the time periods considered. A lack of data in the earlier period makes
drawing strong conclusions difficult, but it is apparent that generally speaking, the FWHM
stays at the same value between the two year periods considered.
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Figure 4-14: Seasonal and inter annual variability in maximum stratification (left) and rem-
nant layer stratification (right) described by relative probability of appearance. Two timepe-
riods are considered: 2005-2010 (top), and 2011-2018 (bottom). Lines indicate medians for
the earlier time period (blue) and the later time period (red).
Figure 4-15: As in Figure (4-14), but with FWHM
.
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Figure 4-16: The 20th, 50th, and 80th percentile values of maximum stratification for Jan
(top left), April (top right), July (bottom left), and October (bottom right) for individual
ITPs color coded by year. Each bar indicates a separate ITP record
4.4 Geographic Variability
The geographic variability of the maximum stratification and the remnant layer stratification
had no clear spatial pattern, at least at the basin scale level from the available observations
(4-17). This suggests that the large scale causes of stratification changes were not related
to location. However, it must be noted that the geographic coverage of various ITP records
was relatively sparse. The records examined cover a period from 2004 to 2018, and when
gridded in the Beaufort Gyre into boxes roughly 100km on a side, only a few boxes saw
coverage over long periods of time (eg, ten years or more). Looking at a finer time scale, no
season (DJF/MAM/JJA/SON) saw coverage in a grid box more than seven years, with fall
being the most represented and spring the least represented. Thus, while the data suggests
no clear spatial pattern to the stratification maxima, this is based on sparse data, and
future studies may reach a different conclusion. In the aggregate, interannual variability is
smaller than the seasonal variability, and geographic variability, while it does not display a
consistent spatial pattern, is of similar magnitude to variability observed between profiles
due to small-scale features
While no clear geographic variability is evident in the aggregate, individual sections do
exhibit such variations. Consider the case of ITP 62, which transited up on the shelf for a
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Figure 4-17: Top: The median value of the maximum stratification of all profiles occurring in
a 3 degree longitude by 1 degree latitude grid square in winter (December through May). Top
Right: The median value of stratification at the remnant layer for all profiles occurring in a
3 degree by 1 degree grid square. Bottom: The median value of the maximum stratification
of all profiles occuring in a 3 degree longitude by 1 degree latitude grid square in summer
(June through November).
period of several weeks in late spring of 2013, observing different watermasses during this
time. In this instance, we see highly variable isopycnal depth changes and consequently
large amounts of variability in the stratification maximum. We also see that the separation
between isopycnals is much more apparent than it was in the interior of the Beaufort Gyre
in June when the ITP is located further north and in deeper waters.. The stratification
maximum also changed as eddies transition into the Beaufort Gyre on the northern edge.
This movement into the gyre is also associated with changes in temperature and salinity
(not directly shown).
4.5 Small Scale Variability
ITP records show variability on smaller spatial and temporal scales, on the order of 1-10 km
and 1-10 days. Variability in properties of the stratification maximum layer can be associated
with eddies and internal waves (in addition to persistent fronts discussed in Section 4.4). A
systematic investigation of the eddies or internal waves is beyond the scope of the current
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Figure 4-18: LEFT: Map of ITP 62 profile locations in early spring of 2013. Bathymetry
shown in 100m contours. RIGHT: Timeseries of density with specific contours in red ,
stratification, and maximum stratification.
work, and has been undertaken elsewhere for the Beaufort Gyre region (Zhao et al., Dosser
et al.). Here, we aim to understand the extent to which small-scale processes modify the
stratification maximum layer and could either hinder or ease the transfer of heat from
the halocline to the stratification maximum layer. Consider first the relationship between
timescale and the magnitude of variability of the stratification maximum layer (Figure 4-19).
As we move from larger time scales to smaller time scales, we see magnitude of variation
that the stratification profile can exhibit at each time scale. Over the course of a year, the
stratification maximum layer depth changes by about 50 meters, due to the seasonal cycle.
For an example time period of roughly two weeks, the depth varies by about 10 meters.
Thus, we can say that the magnitude of variability in depth is only loosely correlated with
the time scale. Similarly, the maximum stratification value exhibits significant variability
on a two-week timescale.
4.5.1 Eddies
The impact of eddies on the stratification profile is illustrated using data from ITPs 35, 78,
and 79. These records sample at relatively high frequency (once every three or four hours).
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Figure 4-19: Timeseries of log stratification for ITP 64 shown for depths of 10-60m during
spring through summer (top panel), summer (second panel), June (third panel), and a two
week period in June (bottom panel). Red lines indicate time period covered by the lower
panel.
ITPs 78, and 79 records are overlaping in time (during 2014), while ITP 35 occurred earlier
(2009-2010), and in a similar region in the Beaufort Gyre. Within the Beaufort Gyre,
the Rossby deformation radius is approximately 13 km (Zhao et al.), and the eddies are
comparably sized (e.g., Figure 4-20). ITPs generally do not travel in straight lines, and
often the path through the eddy does not include the center, so there is variability in the
amount of time an ITP spends in any individual eddy. Several features characterize an
eddy on the ITP record. Isopycnals shift in depth, in some cases by as much as 10 meters.
Stratification is most strongly influenced within the eddy, where it decreases as a results of
isopycnals being stretched apart. The most significant impact, as seen in Figure 4-20, is
that the depth of the stratification maximum changes by meters, but there is no indication
that the magnitude of the stratification maximum changes significantly.
Consider the eddy that occurs on June 21st, 2014 for ITP 78. This eddy caused the
isopycnals from approximately 1023.4 through 1025 to shoal. At the same time, the magni-
tude of maximum stratification showed no significant changes within versus outside of the
eddy. Contrast this with the eddy that occurs around June 24th, 2014 for ITP 78. This
shows the 1023.4 and 1024 isopycnals decreasing in depth by approximately 5 meters, the
1024.5 isopycnal remaining at roughly the same depth, with some minor fluctuations, and
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the 1025 isopycnal increasing in depth by up to 18 meters. The maximum stratification
increased within the eddy in this case.
Overall, examples exist of eddies with either increased, similar, or decreased stratifica-
tion. The depth at which the eddy occurs likely plays a role in shaping the impact on the
stratification maximum layer. Eddies that are deep have either limited impact on the max-
imum stratification, because if isopycnals near the stratification maximum layer are moved,
the movement occurs in a uniform manner, or they act to increase stratification as the
isopycnals are compressed near the stratification maximum layer (which is where the maxi-
mum stratification occurs). Eddies that are shallower seem to have a tendency to diminish
the maximum stratification, since the isopycnals are spreading near where the maximum
stratification occurs. While the total number of eddies is relatively small.
Figure 4-20: Time series of log stratification (top) and conservative temperature (bottom)
for four eddies from ITPs 78, 79, and 35.
4.5.2 Internal Waves
Internal waves in the Arctic are primarily near inertial, and oscillate at a frequency near 12
hours. We would expect this oscillation to change the depth of the stratification maximum,
but maintain the magnitude roughly intact. Some magnitude changes could be expected by
the stretching and compression of the density surfaces over the internal wave period. To
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illustrate this point, we examine a two week period in June of 2014 from ITP 77 (Figure
4-21). Here, we see the oscillation in depth space of the isopycnals, while the magnitude of
the stratification remains relatively constant .
Figure 4-21: Time series of log stratification (top), density (middle) and log stratification in




Properties of the stratification maximum layer exhibited a wide range of values. The thick-
ness of the stratification maximum layer was most constant, a median values of 5.08 m,
and density of 1022.1 𝑘𝑔/𝑚3. The median value of the stratification maximum was 3.39 ×
10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2, with 10 and 90 percentiles at 1.33×10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2 and 6.71×10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2.
Over the entire record, the depth and density of the stratification maximum varied from 7
to 50 m and 1020 to 1025 𝑘𝑔/𝑚3. Basin scale geographic variability was not evident in
these properties, so variability results primarily from small-scale, seasonal, and interannual
effects.
A strong seasonal cycle in surface forcing governs the seasonal evolution of the stratifica-
tion maximum layer. The stratification maximum reached its highest value in October, with
a median value of 4.8 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2, when it had a mean depth of 20 m. From October
through June, the stratification decreased in value to 2.3× 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2, and increased in
depth to 41 meters. A steady state was not observed at any time during October – June,
suggesting that surface forcing and interior vertical mixing never reached an equilibrium.
The summer mixed layer shoaled during late June, with transition times that ranged be-
tween 10 and 14 days. The summer stratification maximum layer had similar maximum
values to winter months that ranged between 1 − 10 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2. The remnant strat-
ification maximum layer formed in June, was not mixed away during the summer months,
and was re-entrained into the following winter’s stratification maximum layer. The remnant
stratification layer was characteristically wider, weaker, and deeper than the mixed layer,
with stratification maxima that were slightly deeper (47 vs 41 meters), significantly denser
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(1024 vs 1023 𝑘𝑔/𝑚3), FWHM of 12 m (compared to the stratification layer FWHM of 4 m),
and stratification values centering around 1 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2. These new properties were
quickly established over an approximately 10 day period around the time that the summer
mixed layer shoaled. This abrupt change followed by an approximately steady state suggests
that a balance between restratification and diffusion dynamics in the interior of the upper
portion of the water column is achieved shortly after the summer mixed layer shoals.
Interannual variability was examined by considering two timeperiods: 2005-2010 and
2011-2018. The basic seasonal cycle was the same over each time period examined: a slow
deepening and weakening of a stratification maxima from October through June, followed
by a period where the stratification rapidly becomes shallow in late June and strengthens
through October. There was no significant difference in depth between the two time periods
examined, but the mean values of stratification were higher for the later time period by 1 to
2 × 10−3𝑟𝑎𝑑2/𝑠𝑒𝑐2. The two timeperiods were not completely distinct, and exhibited some
overlap in properties. The remnant layer showed slight changes between the two time periods
as well, with the later years having had a slightly more stratified remnant layer stratification
peak than the earlier years. The time period over which the transition occurred showed no
significant interannual variability, happening in the same period of time regardless of year.
We have not identified a specific cause of the interannual variability. There are likely
many factors beyond the scope of this study that could cause it, including melt rates, surface
temperatures, or changes in mixed layer density. In the interannual sense, there are not any
explicit correlations between the depth or magnitude of stratification to larger scale processes
like Beaufort Gyre freshwater content or the Arctic Oscillation Index or sea level pressure
(not shown). However, it is clear that this region and processes influencing the mixed layer
and halocline stratification are undergoing changes. The process level changes are likely
correlated to the basin scale changes, though the exact mechanism is not clear.
The ambiguity in the connection between the basin process and the properties of the
stratification maximum layer is due in part to the sparsity of data coverage. ITP coverage
is variable, both temporally and spatially. Lacking repeated coverage in a specific region
prevents strict comparison between characteristics associated with the water column and
characteristics of the basin. Because of this, we had to group several years of observations
together to investigate interannual variability. This also leads to some uncertainty in the
ability to draw large scale conclusions about the timing of the transition from winter to
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summer, due to only 16 records that observed this transition.
An effective diffusivity on the order of 1 × 10−6𝑚2/𝑠 was estimated based on the initial
evolution of the remnant stratification maximum layer. There is significant uncertainty in
the specific value in part due to uncertainty in the timescale associated with this transition
and diffusivity estimate. Estimates of vertical diffusivity applicable to the base of the mixed
layer are typically difficult to directly observe and we note here that it is similar to or smaller
than parameterized vertical diffusivities of the interior Arctic Ocean (e.g., (et al, 2013). A
vertical diffusivity of this value applied to the remnant stratification maximum layer from
July through October would have minor impacts on the heat and stratification of this layer,
consistent with the nearly steady state of this layer observed afters its initial adjustment.
It is also possible that vertical mixing after this initial adjustment period is weaker than
10−6𝑚2/𝑠.
Heat within the stratification maximum layer exhibited significant variability. As the
density of the stratification maximum layer increased during winter, increased heat content
was observed within the stratification maximum layer. It is not clear from this analysis alone
the extent to which some of this heat is gradually or sporadically transferred to the mixed
layer above. There is certainly a potential for heat transfer to the mixed layer in spring,
and to the remnant mixed layer in summer. As the remnant stratification maximum layer
initially moves to a denser isopycnal from where it was previously, Pacific Summer Water
heat has an increased ability to mix onto lighter density surfaces. As Pacific Summer Water
warms and shoals interannually, the specific dynamics of the stratification maximum layer
will become increasingly important to understanding heat transfer into the mixed layer or
remnant mixed layer.
The stratification in the mixed layer and the remnant layer serves to insulate the surface
of the ocean from the warmer, deeper, Pacific Summer Water. Consequently, the evolution
of the stratification profile plays a large role in how easily this heat content beneath the
mixed and remnant mixed layers can reach the surface, where it could impact the surface
ice cover. Historically, the PSW is becoming more accessible, especially in the early spring.
This migration of accessibility, coupled with the shifting of the transition time period due
to earlier ice melt could play an oversized role in bringing PSW heat to the surface.
Many models, especially those that describe global circulation, have vertical resolutions
that are too large to accurately reflect the stratification dynamics in the upper sixty meters
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of the water column in the Beaufort Gyre. This need to parameterize the remnant layer
and the heat transfer through it could have significant impacts on how models describe the
evolution of the heat content of the upper ocean, and subsequent ice formation and melt.
Further exploration is necessary for a more complete understanding of how the uppermost
layers of heat and stratification will continue to evolve in the future. Process models may
be a useful tool to investigate some of the questions raised here.
While ice growth and melt will remain features of the Beaufort Gyre for many years to
come, it is likely that climate change will alter the amount of ice formation, and the timing
at which it occurs. The timing of the transition between the mixed layer and the remnant
mixed layer may change, and so there does exist potential for the transition to happen
earlier in the year in particular. How these changes could affect the remnant stratification
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